Zinc oxide (ZnO) and ZnO : Ga films have been deposited by the spray pyrolysis method onto preheated glass substrates using zinc acetate and gallium nitrate as precursors for Zn and Ga ions, respectively. The effect of Ga doping on the structural, morphological, optical and electrical properties of sprayed ZnO thin films were investigated using x-ray diffraction (XRD), scanning electron microscopy , optical absorption, photoluminescence (PL) and Hall effect techniques. XRD studies reveal that films are polycrystalline with hexagonal (wurtzite) crystal structure. The thin films were oriented along the (0 0 2) plane. Room temperature PL measurements indicate that the deposited films exhibit proper doping of Ga in ZnO lattice. The average transparency in the visible range was around ∼85-95% for typical thin film deposited using 2 at% gallium doping. The optical band gap increased from 3.31 to 3.34 eV with Ga doping of 2 at%. The addition of gallium induces a decrease in electrical resistivity of the ZnO : Ga films up to 2 at% gallium doping. The highest figure of merit observed in this present study was 3.09 × 10 −3 cm 2 −1 .
Introduction
Transparent conducting oxide (TCO) ZnO thin films are emerging as the most attractive alternative to ITO and various other TCOs [1] [2] [3] [4] . ZnO has received considerable attention for its possible applications in UV light emitters, spin functional devices, gas sensors, transparent electronics and surface acoustics wave devices. While synthesizing TCO thin films, it is a common practice to introduce impurities such as In, Al, Ga, N, P, As and F [5] , within ZnO thin films in order to enhance the optoelectronic properties. ZnO : Ga (GZO) thin films have been deposited by several techniques such as molecular beam epitaxy [6] , pulsed laser deposition [7] , sintering [8] , chemical spray [9, 10] , rf magnetron sputtering [11] , ion plating [12] and solid state reaction [13] . Photoluminescence (PL) and 3 Author to whom any correspondence should be addressed. photocurrent measurements were carried out to study the emission and absorption properties of the Ga-doped ZnO film [6] . Both spectra were consistent with each other showing a good response in the ultraviolet region and weak response in the green-yellow band. Dependences of structural and electrical properties on the thickness of polycrystalline Ga-doped ZnO thin films prepared by reactive plasma deposition [7] were reported by Yamada et al. It was observed that increasing thickness below 100 nm induces changes in the structural and electrical properties of the GZO films. Raman spectroscopy was used to investigate local structural properties [12] in Ga-doped ZnO thin films prepared at various oxygen partial pressures by the ion plating method. Raman spectra of typical film revealed the A 1 (LO) and local vibrational modes associated with V O and Ga Zn , indicating that dominant defect species were Ga Zn and V O in GZO films. Among these the chemical spray pyrolysis technique is simple, low cost and can be used effectively for large area deposition and film properties can be tailored by controlling the spraying conditions. Gomez and Olvera [10] have reported the effect of deposition temperature, dopant concentration and vacuumthermal treatment on the electrical, optical, structural and morphological properties of spray deposited Ga-doped ZnO thin films. A minimum electrical resistivity value, of the order of 7.4 × 10 −3 cm, and optical transparency of the order of 80% were achieved under the optimal deposition conditions (substrate temperature = 698 K, [Ga/Zn] = 2 at%). The maximum figure of merit obtained for the vacuum-annealed ZnO : Ga films was 5.13 × 10 −4 −1 . In order to produce improved quality ZnO : Ga films with the spray pyrolysis technique, we have adopted the same preparative conditions reported by Gomez and Olvera [10] , except especially, the source for Ga doping (gallium nitrate in this case) for gallium pentanedionate. Therefore, in this work, the influence of gallium doping on the structural, morphological, optical and electrical properties of ZnO films by the chemical spray technique are reported. We were able to produce better quality ZnO : Ga films having higher transmittance (85-95%) and lower resistivity (∼10 
Experimental
Zinc oxide (ZnO) thin films were deposited onto ultrasonically cleaned preheated Corning glass substrates using the chemical spray pyrolysis technique. Spraying solution (0.2 M) was prepared by mixing the appropriate volumes of zinc acetate (Zn(CH 3 COO) 2 · 2(H 2 O) and gallium nitrate Ga(NO 3 ) 2 in a mixture of the solvents formed by double distilled water, acetic acid and methanol (25 : 10 : 65) [10] . In order to dope Ga in ZnO thin films, five different concentrations (0.5, 1, 1.5, 2, 2.5 and 3 at% measured as atomic weight percentage) were selected. The other deposition parameters such as spray rate (5 cc min −1 ), nozzle to substrate distance (33 cm) and carrier gas pressure (2 atm) were kept at their fixed values. The resulting solution (100 cc) was sprayed at an optimized substrate temperature of 673 K. The structural properties were studied by a Philips x-ray diffractometer PW-1710 (λ, 1.5405 Å) using Cu-K α radiation in the span of 10
• -100
• . Surface morphology of the thin film was studied with JEOL JSM 6360 scanning electron microscope (SEM). Optical absorption study was carried out in the wavelength range 300-1100 nm using spectrometer Systronic Model-119. The electrical parameters such as sheet resistance and figure of merit were measured at room temperature by Hall effect set-up, in Van der Pauw configuration, supplied by Scientific Instruments, Roorkee, India. The room temperature PL spectra were recorded using a Perkin-Elmer luminescence spectrometer (model: LS55) equipped with a xenon flash lamp and a grating to select the source of excitation. The excitation and emission spectra were recorded in the fluorescence mode over the wavelength range 225-700 nm. Figure 1 shows the XRD patterns of undoped and gallium doped zinc oxide thin films grown on glass substrates prepared at a substrate temperature of 673 K with different gallium concentrations ranging from 0.5 to 3 at%. From the figure it is seen that undoped and doped thin films exhibit hexagonal (wurtzite) crystal structure with a preferential growth along the (0 0 2) plane [10, 14] . The preferred growth of (0 0 2) remained predominant irrespective of the gallium-doping level. The intensity of the (0 0 2) plane has been found to increase with increasing gallium-doping concentration up to 2 at%, which then decreased slightly for the higher doping levels. This may be due to the fact that up to 2 at% doping Ga 3+ ions replace the Zn 2+ ions in the ZnO lattice. However, at higher Ga doping percentages, apart from replacing the Zn 2+ ions, Ga 3+ ions may occupy the interstitial positions in the ZnO lattice. Another possible reason for this might be the crystal reorientation effect due to the incorporation of more Ga atoms. This reorientation effect is not clearly evidenced by XRD studies. For every Ga atom added to the lattice one extra free electron has been created. As the doping level is increased, more dopant atoms occupy zinc lattice sites, which result in more charge carriers. This process continues as long as there are zinc sites available. However, after a certain level of doping, the Ga atoms cannot occupy zinc lattice sites and they have a tendency to occupy interstitial sites where they form neutral defects and become ineffective as dopant impurities. The exact details of this impurity-defect complex are not fully understood at present. Table 1 shows the comparison of calculated and observed 'd' values for ZnO : Ga thin films. It is observed that they are in good agreement with each other. Therefore, though the substrate temperature is the same, the film formation mechanism and hence the crystallinity changes with Ga doping level. The full-width at half maximum (FWHM) and peak positions of the (0 0 2) plane with respect to Ga doping are shown in figure 2. Observed FWHM was corrected to the corresponding Si single crystal FWHM due to the instrument. It is observed that the (0 0 2) peak position continuously deviates from the single crystal value (2θ ≈ 34.46
Results and discussion

X-ray diffraction (XRD) studies
• ) with Ga doping concentration. This is evidence of an increase in relative strain in ZnO film due to gallium doping. The FWHM values of the (0 0 2) plane increase with increasing gallium doping up to 2 at% and then decrease for further gallium doping. This is due to decrease in crystallite size up to 2 at% gallium doping which increases after 2 at%. The crystallite size 'D' is calculated using Scherrer's formula [15] 
where D is the crystallite size, β is the broadening of the diffraction line measured at half of its maximum intensity (rad) FWHM and λ is the x-ray wavelength (1.5405 Å). It is seen that as doping increases the crystallite size decreases up to 2 at% and tends to increase afterwards as shown in figure 3 . The reflection intensities from each XRD pattern contain information related to the preferential or random growth of polycrystalline thin films which is studied by calculating the texture coefficient TC(h k l) for all planes using the equation [16] TC
where TC(h k l) is the texture coefficient of the h k l plane, I (h k l) is the measured intensity of x-ray reflection, I 0 (h k l) is the corresponding standard intensity from the JCPDS data card No-05-0664 and N is the number of reflections observed in the XRD pattern. Figure 4 depicts the variation of the texture coefficient with variation of Ga doping % for the (1 0 0), (0 0 2) and (0 0 4) planes. The texture coefficient for all the films has a relatively (>1) higher value (5 to 6) along the (0 0 2) plane than the other planes: (1 0 0) (<1) and (0 0 4). TC(1 0 0) has the minimum value in all the sprayed thin films. 
Morphological studies
The surface morphology of undoped and Ga doped ZnO thin films was studied by SEM. The micrograph of the undoped sample ( figure 5(a) ) shows a textured surface for ZnO thin film. The textured morphology is a consequence of the nucleation of c-axis oriented grains that grow geometrically and impinge laterally. Further it is observed that ( figure 5(b) ) the grain size decreases for 2 at% Ga concentration. The film surface becomes relatively smooth, dense and a mixture of large and small grains that are randomly distributed are visible. This dependence can be attributed to an improved surface diffusion for 2 at% Ga concentration. The average grain size estimated from SEM studies for ZnO samples has been found to be 83 nm, which decreases to 62 nm after 2 at% Ga doping, supporting the results from the XRD analysis.
Optical properties
Optical transmission spectra of ZnO : Ga thin films are depicted in figure 6 . The films are uniform and transparent to the naked eye. This is also confirmed by the transmittance spectra of the films. The well-developed interference pattern in T shows that the films are specular to a great extent. The average transparency in the visible range was around ∼85-95%. Doped samples exhibited increased optical transmission, in the visible region and this is good for device application. The high transparency is associated with a good structural homogeneity and crystallinity. The doping of ZnO with Ga results in an increase of transmission in the wider range of 
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ZnO Eg = 3.31 eV 2% Ga: ZnO Eg = 3.34 eV 3% Ga: ZnO Eg = 3.32 eV Figure 7 . Plot of (αhν) 2 versus hν for ZnO and ZnO : Ga (2 and 3 at%) thin films. the solar spectrum. In transparent metal oxides, metal to oxygen ratio and crystal orientation decides the percentage of transmittance. In this case, the formation of c-axis oriented grains that grow perpendicular to the substrate surface (SEM studies) are responsible for the increased transparency of the ZnO : Ga films at 2 at% Ga. The decrease in transmittance at higher doping concentrations may be due to the increased scattering of photons by crystal defects created by doping. Luminescence is a consequence of doping. In this case up to 2 at% Ga, the amount of Ga in the ZnO lattice increases, thereby increasing the emitted light intensity in the PL. As the film transparency is the highest at 2 at% Ga, PL brightness is obviously highest at this doping concentration. It can be seen that there is a slight shift of the direct optical transition towards shorter wavelengths, which is due to the Burstein-Moss effect [17] and may be due to scattering by grain boundaries and aggregates.
The plots of (αhν) 2 versus hν for the ZnO : Ga films are shown in figure 7 . It is seen that the direct optical band gap (E g ) has increased from 3.31 eV (undoped ZnO) to 3.34 eV for the film with 2 at% Ga doping concentration. The band gap energy determined in this way is not the actual band gap of the deposit as these are degenerate semiconductors, the Fermi level lies within the conduction band where its position depends on the density of the free electrons. Thus, the values given for the optical band gaps are related to the excitation of the electrons from the valance band to the Fermi level in the conduction band, whereas the actual band gap of the material is related to the excitation of the electrons from the top of the valence band to the bottom of the conduction band. This means that the lifting of the Fermi level into the conduction band of the degenerate semiconductor due to the increase in the carrier density leads to the energy band broadening (shifting).
Thicknesses and refractive indices were computed from the transmission data by using a standard formula [18] . The wavelength dispersion of the refractive index was fitted using the Cauchey coefficients An 0 = 1.6062 and An 1 = 56900. The refractive indices of all the samples varied almost linearly from 1.65 to 2.24 between 1100 nm and 300 nm, respectively. Deposited films exhibited almost the same thickness ranging between 625 and 675 nm.
Figure of merit
The quality of transparent conducting films can be judged by the figure of merit ( ), calculated from the transmittance and sheet resistance (which are inversely proportional to each other) data [19] .
where T and R s are the transmittance at 550 nm and the sheet resistance, respectively. The higher values of the figure of merit represent the better performance of the transparent conducting film. Usually, the front contacts to the solar cell are metallic grids. While designing grid contacts, one must balance shading effects against electrical resistance losses. An alternative to metallic grid contacts is a TCO layer. The advantage of TCOs is that they are nearly invisible to incoming light, and they form a good bridge from the semiconductor material to the external electrical circuit. Therefore, both the electrical conductivity and the transmittance of TCO film should be as high as possible for application in solar cells. Figure 8 shows the variation of the figure of merit and the sheet resistance with Ga concentration. The φ increases up to 2 at% Ga (∼3.09 × 10 −3 cm 2 −1 ) and then decreases. This value is relatively higher than the value of 5.13×10 −4 cm
reported for the spray deposited and vacuum annealed ZnO : Ga films [10] . The minimum value of the resistivity observed in this study is 9.375 × 10
cm. This is evidence of proper doping of Ga in ZnO lattice up to 2 at% Ga. This value can be decreased by performing further studies on the postdeposition treatments on the ZnO : Ga films, such as annealing at optimized temperatures.
Photoluminescence
Room temperature PL excitation and emission for all the samples were measured in the wavelength range 225-700 nm. The excitation spectra (not shown) showed two prominent peaks, one around 324 nm (3.8 eV) and a shoulder around 240 nm (5.2 eV), whose positions remained almost the same for all the films. The emission spectra (figure 9(a)) taken at 324 nm excitation showed a strong violet emission band around 415-420 nm in all samples, which was slightly blue shifted to 415 nm in 2% Ga : ZnO thin film. In order to reduce the background noise and resolve the peak shifts each emission spectrum was averaged out for five times at identical conditions. The violet peak centred at 415-420 nm can be attributed to the Zn vacancies [20, 21] . The inset ( figure 9(a) ) shows the graph of PL intensity versus gallium doping concentration. It is seen that for 2 at% Ga doping the PL brightness is maximum. Unlike the excitation at 324 nm, the 240 nm excitation showed a cumulative effect on the visible PL ranging between 430 and 515 nm (see figure 9(b) ). This indicates that both the intrinsic shallow traps (V Zn ) and deep level vacancies (Zn i , O Zn and V o ) are being affected in ZnO [22] . The mechanism of the green emission has been suggested to be mainly due to the concentration of free electrons, and the existence of various point defects identified as V o due to heating treatments or oxidation associated with our process that could have easily formed the recombination centres that resulted [23] . In this case, the strong green emission suggests that ZnO has point defects, such as oxygen vacancies [24, 25] , which are considered to be the main source of green light emission in ZnO thin film.
Conclusions
The n-type zinc oxide and gallium doped zinc oxide thin films were prepared at 673 K substrate temperature using the chemical spray pyrolysis technique and the effect of gallium doping on the physical characteristic was studied. The thin films are polycrystalline with hexagonal (wurtzite) crystal structure having a preferred orientation along the (0 0 2) plane. The SEM showed that the surface morphology is affected by the [Ga]/[Zn] ratios. Oxygen vacancies are the dominant luminescent centres for the emission of green light in ZnO thin films. Gallium doping leads to a considerable increase in optical transmittance of the ZnO : Ga thin films. The cm, respectively.
